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Diatomic polar molecules are one of the most promising platforms of quantum comput-
ing due to their rich internal states and large electric dipole moments. Here, we propose
entangling rotational states of adjacent polar molecules via a strong electric dipole-dipole
interaction. The splitting of 1.27 kHz between two entangled states is predicted for MgF
molecules in an optical tweezer array. The resolution of the entangled states can be
achieved in a magic potential for the molecules where the rotational states have the
same trap frequencies. The magic potential can be formed by tuning the angle between
the molecules’ quantization axis and the linear polarization of trapping light, so-called
magic angle. We calculate the magic angle for MgF molecules in a reasonable exper-
imental condition and obtain that the trap frequencies of the two involved states can
be matched within a few 10s of Hz. Establishing entanglement between molecules, our
results provide a first step towards quantum computing using diatomic polar molecules.
1 Introduction
Diatomic polar molecules are a promising platform for quantum simulation and computing due to their rich inter-
nal structures and the strong electric dipole-dipole interaction. With their unique merits, molecules would enable
brand-new experiments in quantum simulations and computations1–9, quantum chemistry10–14, and precision mea-
surements15,16. Plentiful internal states of molecules can be employed for robust qubits with long coherence times,
another knob for many body Hamiltonian, and various parity states for precision measurement. Various energy
scales of molecular internal structures also open possibilities to couple the molecular qubits to other quantum plat-
forms such as microwave technology for quantum communications17,18. Moreover, polar molecules’ strong electric
dipole-dipole interaction enables simulations of strongly correlated systems with anisotropic long-range interactions
as well as new methods for qubit gate operation. Molecules are also basic building blocks of chemical reactions.
Controlling quantum states of molecules would allow quantum manipulations of chemical reactions.
To maximize their potential, preparation and coherent control of ultracold molecules are prerequisite. With
incessant efforts over the last decade, laser cooling and magneto-optical trapping (MOT) of diatomic molecules
have been successfully realized to open a new era of ultracold molecules19–22. Soon after, sub-doppler cooling
and trapping molecules in an optical tweezer array have been achieved so that quantum-level manipulations of
individual molecules become within reach21,23,24.
Here, we propose quantum entanglement between polar molecules in an optical tweezer array by utilizing their
rotational degrees of freedom and large electric dipole moments. The two lowest rotational states can be treated
as molecular qubits. The long lifetimes of the rotational states enable long coherence time which is crucial to
guarantee robust manipulations of qubits by microwaves. When two molecules are in rotational states that have
opposite parities with respect to each other, a strong electric dipole-dipole interaction between them can generate
entanglement between the two molecular qubits.
Magnesium monofluoride (MgF) molecules in an optical tweezer array are employed as our experimental plat-
form. MgF is expected to have the best Franck-Condon factors among alkaline-earth monofluoride molecules25,26.
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2 MOLECULAR ENTANGLEMENT VIA ROTATIONAL BLOCKADE
In addition, its strong transition at a short wavelength and its light mass make MgF the most efficient species that
can be laser cooled. MgF has a rotational transition of 31 GHz and a large electric dipole moment of 3 Debye which
can be utilized for qubit operations as well as simulating strongly correlated systems with long-range interactions.
Also, the molecule’s three naturally occurring isotopes of both Bosons and Fermions position itself as an attractive
platform for quantum simulation with different symmetries.
In this work, we present entanglement scheme of the rotational states of the two molecules by the electric dipole-
dipole interaction between two MgF molecules in different rotational states. Also, conditions of a magic optical trap
necessary for the entanglement is provided assuming reasonable experimental parameters for an optical tweezer
array.
2 Molecular entanglement via rotational blockade
Fig. 1 Rotational blockade. The electric dipole-dipole interaction causes |1,0〉 and |0,1〉 states to couple and become entangled
states of |1,0〉+ |0,1〉 and |1,0〉− |0,1〉. Here, the sign of the electric dipole-dipole interaction is assumed to be negative. When
the electric dipole-dipole interaction is larger than the linewidth of transitions, a microwave that is resonant to the entangled
states cannot excite the molecules to the |1,1〉 state.
The electric dipole-dipole interaction takes place when the two involved states have the opposite parities. We
employ two rotational states, the rotational ground state (N = 0, N: molecule’s rotational quantum number) with
the even parity and the first excited rotational state (N = 1) with the odd parity, to form a molecular qubit. When
two adjacent molecules are both in the N = 0 states or in the N = 1 states (denoted as |0,0〉 and |1,1〉 respectively),
there is no dipole-dipole interaction between them. The electric dipole-dipole interaction acts on the two molecules
when only one of the molecules is excited to the N = 1 state (|0,1〉 or |1,0〉 states). As a result, |0,1〉 and |1,0〉
states, who are degenerate without the electric dipole-dipole interaction, split to |0,1〉+ |1,0〉 and |0,1〉−|1,0〉 states
where the two molecules are entangled (Fig 1). The energy of the splitting depends on the electric dipole moments
of the molecules and the distance between them. The two molecules become entangled by a microwave whose
frequency is tuned to be resonant to one of the coupled states. A two photon transition from |0,0〉 to |1,1〉 does
not occur when the energy splitting due to the electric dipole-dipole interaction is larger than the linewidth of
the transition as shown in Fig. 1. We call this effect as "rotational blockade". Rotational blockade can entangle
multiple molecules within the length where the electric dipole-dipole interaction is in effect, resulting interesting
phase transitions depending on the distance of molecules as in Rydberg atoms. Moreover, due to the anisotropy
of the electric dipole-dipole interaction, exotic phases may arise depending on the angle between the positions of
molecules and the molecular quantization axis5.
The electronic ground state of 24Mg19F is a type B molecule whose wavefunction is expressed by quantum
numbers of rotation N, total electronic angular momentum J = N+S, and total angular momentum F = J+ I. The
electron spin S and the nuclear spin I of MgF are both 1/2. Among the hyperfine states, we employ |N = 0,J =
2
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1/2,F = 0,MF = 0〉 state and |N = 1,J = 3/2,F = 1,MF = 0〉 state as the two qubit states in our setup. They are
denoted as | ↓〉 and | ↑〉 respectively in the following discussion.
The Hamiltonian of the electric dipole-dipole interaction is
Hdd =−
1
4piε0r3
[
3(dˆ1 · r)(dˆ2 · r)
r2
− dˆ1 · dˆ2
]
(1)
, where dˆi indicates the electric dipole operator of the ith molecule and r is the separation between the two
molecules. Among components of this Hamiltonian, only those that do not change the total angular momen-
tum projection quantum number MF have non-zero values when the vMF values of the two involved states are the
same value as in our case. As the angle between r and the molecules’ quantization axis is defined as θ , the relevant
Hamiltonian is
Hdd,q=0 =
1−3cos2 θ
4piε0r3
[
dˆ10 dˆ
2
0 +
1
2
(
dˆ11 dˆ
2
−1+ dˆ
1
−1dˆ
2
1
)]
(2)
, where dˆi±1 =∓(dˆix± idˆiy)/
√
2 and dˆi0 = dˆ
i
z are spherical components of the dipole operator on the ith molecule, and
q is the angular momentum projection of the electric dipole-dipole interaction.
The matrix elements of the dipole operator can be calculated as below27.
〈N′,J′,F ′,M′F |dˆp|N,J,F,MF〉 = (−1)F
′−M′F
(
F ′ 1 F
−M′F p MF
)
〈N′,J′,F ′||dˆ||N,J,F〉 (3)
〈N′,J′,F ′||dˆ||N,J,F〉 = (−1)F ′+J+1+I
√
(2F ′+1)(2F+1)
{
F ′ J′ I′
J F 1
}
〈N′,J′||dˆ||N,J〉 (4)
〈N′,J′||dˆ||N,J〉 = (−1)J′+N+1+S
√
(2J′+1)(2J+1)
{
J′ N′ S′
N J 1
}
〈N′||dˆ||N〉 (5)
〈N′||dˆ||N〉 = d(−1)N′−Λ′
√
(2N′+1)(2N+1)
(
N′ 1 N
−Λ′ 0 Λ
)
(6)
〈N′,J′,F ′||dˆ||N,J,F〉, 〈N′,J′||dˆ||N,J〉, 〈N′||dˆ||N〉 are reduced matrix elements in each corresponding subspace. Λ
indicates the projection of rotation (N) to the molecule’s internuclear axis and Λ= 0 for the electronic ground state
of MgF. In the subspace of our interest, the matrix elements of dˆ±1 are zero since MF = 0 for both of the two involved
states | ↓〉 and | ↑〉. The matrix elements of dˆ0 in our subspace are calculated by substituting the quantum numbers
of the involved states to the equations (3) ∼ (6).
〈↓ |dˆ0| ↓〉 = 〈↑ |dˆ0| ↑〉 = 0 (7)
〈↓ |dˆ0| ↑〉 = 〈↑ |dˆ0| ↓〉 =
√
2
3
d (8)
Here, d= 3.077 Debye is the electric dipole moment of the electronic ground state of the MgF molecule28. Therefore,
the total Hamiltonian of our molecular qubit system is expressed as
H =

2E0 0 0 0
0 E0 1−3cos
2 θ
4piε0r3
2
9d
2 0
0 1−3cos
2 θ
4piε0r3
2
9d
2 E0 0
0 0 0 0
 (9)
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in the basis of | ↑,↑〉, | ↑,↓〉, | ↓,↑〉, and | ↓,↓〉. We set the energy of the | ↓〉 state as zero. E0 = 30.99 GHz is the
energy difference between | ↓〉 and | ↑〉 states of MgF29. By diagonalizing this Hamiltonian, one can find that the
two states | ↑,↓〉 and | ↓,↑〉 are coupled by the electric dipole-dipole interaction to form (| ↑,↓〉+ | ↓,↑〉)/√2 and
(| ↑,↓〉− | ↓,↑〉)/√2 states where the internal states of the two molecules are entangled. The splitting of the two
coupled states is twice of the strength of the dipole-dipole interaction, which takes the maximum value when the
molecules’ quantization axis is parallel to the displacement between the two molecules (θ = 0). The splitting is
estimated to be 1.27 kHz in experimental conditions of r = 1 µm and θ = 0. The entangled state can be generated
using a microwave that is resonant to one of the coupled states. When the electric dipole-dipole interaction is large
enough compared to the linewidth of the transition, the probability for the two molecules to be simultaneously
excited to the | ↑,↑〉 state is very low since the two photon transition is out-of-resonance (Fig. 1). We call this effect
"rotational blockade".
3 Magic angle of optical tweezers for MgF
The total linewidth of the rotational transitions should be narrower than the splitting due to the electric dipole-
dipole interaction in order to resolve the two entangled states. Since the natural linewidth of the rotational tran-
sitions is extremely narrow, the total linewidth is determined by the experimental conditions. For molecules in
optical tweezers, different lightshifts of the two involved rotational states are the dominant source of the linewidth
broadening. A light with 532 nm wavelength, 1 mW power, and 1 µm 1/e2 diameter generates a trap for a MgF
molecule in the | ↓〉 state with the trap frequency of 190 kHz in the radial direction and 41 kHz in the propagation
direction. At 30 µK which is the lowest temperature achieved so far with CaF molecules in optical tweezers30, about
380 motional states can be populated with more than 10% probability. This motional degree of freedom can result
in linewidth broadening of about 100 kHz which is much larger than the strength of the electric dipole-dipole in-
teraction between the molecules. Therefore, the polarizabilities of the | ↓〉 and | ↑〉 states of MgF should be adjusted
in order to match the trap frequencies of optical tweezers for them.
Diatomic polar molecules have two types of polarizabilities âA˘S¸ one parallel to the molecule’s internuclear axis
(α‖) and the other perpendicular to the axis (α⊥). Transitions from a Σ state to another Σ state such as the X-B
transition of MgF contribute to α‖. α⊥ is determined by transitions from a Σ state to a Π state, such as the X-A
transition of MgF. The two polarizabilities at visible and near infra-red wavelengths can be calculated from the
transition frequencies and strengths of the X-A and X-B transitions as below31.
α‖ =
2ωXB
h¯(ω2XB−ω2)
|〈X |dˆmol0 |B〉|2 (10)
α⊥ =
2ωXA
h¯(ω2XA−ω2)
|〈X |dˆmol−1 |A〉|2 (11)
ωXA and ωXB are the resonant transition frequencies of X −A and X −B transitions respectively. dˆmol is the electric
dipole operator in the molecular frame. The contributions from higher states such as X-C and X-D transitions are
negligible at this wavelength since their transition frequencies are deep in ultra-violet32. The calculated polariz-
abilites using the wavelengths and linewidths of the X−A and X−B transitions of MgF are shown in Fig. 225,33. In
our setup, we are planning to use a wavelength of 532 nm for the optical tweezers.
The effective polarizability of the molecule is a weighted sum of the two polarizabilities depending on the
internal state of the molecule and the direction of the linear polarization of the optical trap31. In the lab frame, the
rotational ground state (N = 0) has a spherical wavefunction. Therefore, its polarizability does not depend on the
direction of the polarization of the trapping light. On the other hand, the molecular wavefunction of the N = 1 state
has an elongated p-wave-like shape and the elongated direction is determined by the projection quantum number
of rotation (MN) in the lab frame. Therefore, the angle between the quantization axis and the linear polarization
of the trapping light (φ in Fig. 3) determines the effective polarizability34. In the experiment, the quantization
axis is set by a magnetic field parallel to the molecular separation in order to maximize the electric dipole-dipole
4
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Fig. 2 α‖ and α⊥ of the electronic ground state of MgF molecules.
interaction. By changing the direction of the linear polarization of the trapping laser with respect to the magnetic
field, we can adjust the polarizability of the N = 1 state so that it matches to the one of the N = 0 state.
Fig. 3 Experimental setup for molecular qubits. The molecules’ quantization axis is set to be aligned to the tweezer array using
a magnetic field to maximize the electric dipole-dipole interaction. The angle between the quantization axis and the polarization
of trapping light is denoted as φ .
We need to evaluate an effective polarizabilities of our qubit states in the lab frame in order to calculate the
optical trap depth and frequencies. The interaction between the light and the molecule affects the rotation quantum
number N, MN , but it does not change the electron spin S, MS and the nuclear spin I, MI of the molecule. Therefore,
our qubit states which are described by the total angular momentum |N,(S),J,(I),F,MF〉 should be decoupled to
|N,MN〉|S,MS〉|I,MI〉 representations in order to evaluate their polarizabilities.
It is convenient to separate a scalar part of the polarizability αsc and a tensor part αt which are expressed using
the molecular-frame polarizabilities as below31.
αsc =
1
3
(
α‖+2α⊥
)
(12)
αt =
2
3
(
α‖−α⊥
)
(13)
The polarizability of the | ↓〉 state which is one of the N = 0 states has only a scalar component αsc. On the other
hand, we need to consider the contribution of the tensor part αt for the | ↑〉 state.
When the linear polarization of trapping light points to the quantization axis z (φ = 0), the Hamiltonian of the
5
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optical trap for the N = 1 state can be written as
Htrap,Nzxy =−
1
cε0
b 0 00 a 0
0 0 a
 I (14)
in |N = 1,MN = z,x,y〉 basis. Here, I is the intensity of trapping light, and a= αsc−1/5αt and b= αsc+2/5αt are the
effective polarizabilities of the |N = 1,MN = x,y〉 states and the |N = 1,MN = z〉 state respectively34. One can derive
the Hamiltonian of the optical trap for |N = 1,J = 3/2,F = 1,MF = z,x,y〉 states by expressing the states in decoupled
representations. The resulting Hamiltonian is
Htrap,Fzxy =−
1
cε0
 13 (a+2b) 0 00 16 (5a+b) 0
0 0 16 (5a+b)
 I (15)
.
This Hamiltonian needs to be rotated when the polarization of trapping light has an angle φ 6= 0 to the quanti-
zation axis as shown in Fig. 3. The resulting Hamiltonian is
Htrap,Fzxy,φ = R
THtrap,FzxyR (16)
where,
R=
cosφ −sinφ 0sinφ cosφ 0
0 0 1
 (17)
is a rotation matrix around y axis in the z,x,y basis.
It is convenient to express the total Hamiltonian in |F = 1,MF = 0,−1,1〉 basis (Htrap,F,φ ) in order to accommodate
the Zeeman energyshift due to the quantizing magnetic field. The total Hamiltonian is the sum of the optical
trapping Hamiltonian and the energy of each magnetic substate at the given magnetic field.
Htotal = Htrap,F,φ +
E0 0 00 E−1 0
0 0 E1
 (18)
The lightshift of the qubit state | ↑〉 = |N = 1,J = 3/2,F = 1,MF = 0〉 can be obtained by diagonalizing this Hamil-
tonian at each angle φ . The orange line in Fig. 4 shows the result for the trapping laser of 532 nm wavelength, 1
mW power, and 1 µm 1/e2 beam diameter. The quantizing magnetic field is set to be 10 Gauss along z axis. The
trap depth of the | ↑〉 state changes more than 20% as the polarization of the light field is rotated with respect to the
quantization axis. By contrast, the blue line in Fig. 4 indicates the constant trap depth of the | ↓〉 state. By adjusting
the polarization angle of the trapping laser, the trap frequency of the | ↑〉 state can be matched to the one of the | ↓〉
state. This angle is called as magic angle34. The magic angle for our experimental parameters is estimated to be
51.4 degrees.
Fig. 5 depicts the optical trap depth for the | ↓〉 and | ↑〉 states in the above experimental conditions with
two different values of angle φ . When the polarization is aligned to the quantization axis (φ = 0), the two states
feel different trap depths and the difference between the trap frequencies are 15 kHz (radial direction) and 3.2
kHz (propagation direction) (Fig. 5 (a),(b)). By tuning the polarization of the trapping light (φ = 51.4◦, magic
angle), the differences between the trap frequencies of the | ↓〉 and | ↑〉 states are reduced dramatically down to
17 Hz (radial direction) and 29 Hz (propagation direction) (Fig. 5 (c),(d)). Molecular entanglement by rotational
blockade becomes within reach at this condition since the linewidth broadening due to the motional degrees of
freedom becomes smaller than the electric dipole-dipole interaction between the | ↓〉 and | ↑〉 states.
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Fig. 4 Optical trap depth of the | ↓〉 and | ↑〉 states at the magnetic field of 10 Gauss. The power of the 532 nm trapping light is
set to be 1 mW and the 1/e2 diameter is 1 µm. The depth of the | ↑〉 state changes as the polarization of the light field is rotated
while the depth of the | ↓〉 state remains constant.
4 Conclusions
In this work, we propose an entanglement scheme for molecular qubits in an optical tweezer array via rotational
blockade. The rotational states of polar molecules with long coherence time and high controllability are employed as
our molecular qubit states. The strong electric dipole-dipole interaction between two rotational states with opposite
parities entangles the rotational states of adjacent molecules in optical tweezers. We calculate the energy splitting
of the entangled states (| ↓,↑〉+ | ↑,↓〉 and | ↓,↑〉−| ↑,↓〉) to be upto 1.27 kHz when two MgF molecules are separated
by 1 µm. However, rotational blockade may be hindered by the difference in lightshifts of the | ↓〉 and the | ↑〉 states
which is estimated to be about 100 kHz in a typical experimental condition. This problem can be overcome when
the lightshifts of the two states are matched by tuning the angle between molecules’ quantization axis and the linear
polarization of the trapping light. Our calculation shows the difference in the trapping frequencies of the two qubit
states of MgF can be reduced down to 17 Hz and 29 Hz along radial and propagation direction respectively in a
reasonable experimental condition. This work guides an experimental realization of the molecular entanglement
which is the crucial first step toward the quantum computation using polar molecules.
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